• SCID-X1 patients treated with gene therapy show faster T-cell development compared with patients treated with haploidentical HSCT.
Introduction
X-linked severe combined immunodeficiency (SCID-X1) is the most frequent genetic form of SCID and accounts for 30% to 40% of cases.
1 SCID-X1 is caused by defects in IL2RG, the gene encoding the interleukin (IL-2) receptor g chain (gc). The common gc deficiency is typically characterized by a complete block in the development of T cells and natural killer (NK) lymphocytes and thus the absence of these cell lineages. 2 If untreated, SCID-X1 leads to death within the first year of life. Nonconditioned, allogeneic, hematopoietic stem cell transplantation (HSCT) has been the gold standard therapy for this disorder since 1968. However, the outcome of HSCT is highly dependent on the availability of a suitable hematopoietic stem cell (HSC) donor: the 3-year overall survival rate is 90% to 97% when the donor is a geno-identical sibling but only 66% to 79% with an alternative donor. 1, 3, 4 The presence of an active infection at time of treatment is also strongly associated with a lower survival rate after HSCT: 50% of 5-year survival after HSCT vs 80%. 4 Gene therapy (GT; via the transduction of a corrected copy of a gene into autologous HSCs) has been considered as an attractive approach to overcome the absence of a suitable donor. The efficacy of gc gene transfer in autologous HSCs from SCID-X1 patients has been clearly demonstrated by the results of the early trials. Seventeen of the 20 treated subjects are alive and display full (or nearly full) correction of their T-cell immunodeficiency with a median follow-up of 12 years (7-15.5 years). 5, 6 However, these studies were hampered by the occurrence of genotoxicity resulting from oncogene transactivation by the viral long terminal repeat (LTR). 7 Therefore, a new strategy has been developed based on a self-inactivating (SIN) g-retroviral construct. [7] [8] [9] [10] [11] The procedures of haplo-HSCT and GT have not yet been compared. Hence, we decided to retrospectively analyze and compare clinical outcomes and immune reconstitution in (1) 13 SCID-X1 patients having undergone HLA-mismatched HSCT between January 2000 and December 2013; and (2) 14 SCID-X1 patients having undergone GT over the same period of time. All patients had been treated at Necker Children's Hospital (Paris, France). Our results show a clear advantage of GT over HSCT with a mismatched donor in terms of the time course and perhaps of quality of immune reconstitution.
Methods
We included 27 consecutive patients diagnosed with gc deficiency between March 1999 and December 2013. All patients lacked an HLA identical donor. Informed consent for participation in the study was obtained from the patient's parent(s), in accordance with French regulatory requirements and the Declaration of Helsinki. All patients were placed in sterile isolation and received prophylactic treatment with cotrimoxazol and intravenous immunoglobulins.
Fourteen of the patients were participating in 2 prospective trials of GT that had been approved by the French drug agency and the local independent ethics committee. Autologous genetically modified CD34
1 bone marrow cells were prepared as described elsewhere. 5, 11 In the first trial, which took place from March 1999 to April 2002, patients (GT1-GT9) received ex vivo-transduced CD34 cells in the absence of any additional treatment. The vector used was a first generation g-retrovirus in which the common gc cytokine receptor subunit had been placed under the transcriptional control of the viral LTR. Patients with SCID-X1 who lacked an HLA identical donor were all eligible for enrollment in the study. The trial's results and outcomes have been previously reported. 5, 6, 12, 13 Another group of patients (GT10-GT14) was treated in a second trial based on a SIN g-retrovirus, which started in November 2010 and ended in June 2012. 11 Only patients without an HLA-matched donor and presenting with an active infection were eligible for enrollment. Active infections were defined as protracted viral lung infection, cytomegalovirus infection, adenovirus and Epstein-Barr virus infection, and disseminated Bacillus Calmette-Guérin (BCG) infection. These patients also received ex vivo-transduced CD34 cells in the absence of any additional treatment except for patient GT11. This patient received 2 doses of fludarabine (total, 80 mg/m 2 of body surface area) on days 23 and 22 before receiving transduced cells to reduce the massive number of maternally engrafted T cells. From March 1999 to December 2013, 13 other gc-deficient patients lacking a matched sibling donor were treated by HSCT with a haploidentical donor according to the European Bone Marrow Transplantation/European Society of Immune Disorder guidelines for primary immunodeficiencies. For these patients, haploidentical HSCT was undertaken because of the unavailability of GT (between 2002 and 2010) or because the patient did not meet the inclusion criteria of severe ongoing infection (between 2010 and 2013). These 13 patients received 2 infusions of 2.5 mg/kg rabbit antithymoglobulin (r-ATG, Thymoglobuline; Genzyme) on days 22 and 21 as conditioning. Donor and recipient HLA status was determined by low-resolution class I and high-resolution class II molecular DNA typing. T-lymphocyte depletion of the harvested bone marrow was performed by CD34 immunomagnetic selection with a Clinicmacs system (Miltenyi Biotec, Bergisch Gladbach, Germany). Only patients with T-cell reconstitution were included in the statistical analysis. Thus, 2 patients were excluded from this analysis in the GT group (GT3 and GT13) and 3 patients in the haploidentical HSCT group (P1, P11, and P13). Acute graft-versus-host disease (GVHD) was assessed and graded according to established standardized criteria. 14 Immunofluorescence analysis and peripheral blood cell proliferation assay were performed as previously described. 6, 15 Statistical analyses were performed with a Mann-Whitney U test, Fisher's test, or using GraphPad Prism software (version 5.0; GraphPad, La Jolla, CA).
Results

Characteristics of the population
Twenty-seven patients with SCID-X1 were included in the study. The median age at the time of GT or haploidentical HSCT was 7 months (range, 1-15 months), with no statistically significant difference between the 2 groups (Table 1) . Six patients in the GT group and 4 in the haploidentical HSCT group had detectable maternal T cells (supplemental Tables 1 and 2 , available on the Blood Web site). There was no significant intergroup difference in the median dose of CD34 /kg in the GT group). Patients treated with GT presented with slightly more frequent active infections (9 of 14) than patients treated with haploidentical HSCT (5 of 13). Two patients in the GT group had been treated with rituximab for Epstein-Barr virusinduced lymphoproliferative disease before GT.
Clinical outcomes
The median follow-up period was 12 years (range, 1-15 years) for GT patients and 6 years (range, 1-12 years) for haploidentical HSCT patients (P 5 .12). Graft failure was observed in 3 haploidentical HSCT patients. These patients were transplanted a second time with their other parent as donor. Two of the 3 patients received a full myeloablative conditioning regimen 6 and 12 months after the first HSCT. There was no significant difference in circulating T-or NK-cell counts before HSCT between these 3 cases and the other 10 patients. One graft failure was observed in the GT group. The patient (GT3) presented with persistent splenomegaly caused by a disseminated bacillus Calmette-Guerin infection. He failed to reconstitute his T-cell compartment likely because of trapping of progenitor cells in the spleen. After splenectomy, he successfully underwent HSCT with an unrelated donor 8 months after GT.
Resolution of disseminated BCG infection was fastest in GT patients (median, 11 months; range, 8.9-14.6 months) compared with haploidentical HSCT patients (median, 25.5 months; range, 24.1-28.7 months; P 5 .029). After the treatment, infection-related hospitalization occurred in 3 patients of the GT group (for a total of 3 admissions), whereas it occurred in 5 patients of the haploidentical transplanted group (for a total of 15 admissions). Infections leading to hospitalization were BCG infection (n 5 2) and bacterial pneumonia (n 5 1) in the GT group. In the haploidentical HSCT group, patients were admitted for isolated fever (n 5 3), viral gastroenteritis (n 5 2), sepsis (n 5 4), bacterial pneumonia (n 5 1), and BCG infection (n 5 5). The number of days of infection-related hospitalization was 0.4 and 0.03 days per patient per year in the haploidentical HSCT and GT groups, respectively (P 5 .001).
Seven of the 13 haploidentical HSCT patients developed treatmentrelated complications. Four presented with acute grade 2 GVHD. Immune dysfunction occurred in 3 patients (immune hemolytic anemia, allo-immune hepatitis, and dysimmune enteropathy) and was associated with death in 1 patient (P6) ( Table 1; supplemental Table 3) . Two patients treated with haploidentical HSCT died: P1, 6 months after transplantation from respiratory viral infection; and P6, 7 years after transplantation from severe dysimmune enteropathy caused by poor immune reconstitution. Two patients in the GT group died. GT13 died of adenoviral infection at 4 months after therapy, and GT4 died as a result of chemoresistant T-cell acute lymphoblastic leukemia 5 years after GT. 5, 8 T-cell development T-cell reconstitution was faster in GT patients compared with haploidentical HSCT patients (Figure 1 ). Six months after transplantation, T-cell counts had reached normal values for age in 11 of the 14 GT patients (78%) and 4 of the 15 haploidentical HSCT patients (26%). Counts of CD3, CD4, and CD8 cells were significantly higher 6 and 12 months after GT than after haploidentical HSCT ( Figure 1A-C) . These differences had disappeared 5 years after transplantation, with normal numbers of circulating T cells in 7 GT patients and 9 haploidentical HSCT patients (Figure 1) . The thymic output of CD4 1 T lymphocytes (estimated by the absolute count of CD4 1 lymphocytes expressing the CD31 and CD45RA markers) was also significantly higher in GT patients than haploidentical HSCT patients 6 and 12 months after transplantation (Figure 2A ). This difference remained significant at 5 years (median CD31 Figure 2A) . Similarly, the absolute count of naïve CCR7
CD8
1 lymphocytes was higher in GT patients (229/mL; range, 57-520) than in haplotransplanted patients (33/mL; range, 1-118) 5 years after transplantation (P 5 .008). One year after transplantation, lymphocyte proliferation in response to phytohemagglutinin had achieved normal levels (ie, .50 3 10 3 cpm) in all 11 evaluated GT patients but in only 4 of the 10 evaluable haploidentical HSCT patients ( Figure 2C ). However, there was no difference in lymphocyte proliferation in response to tetanus toxoid between patients treated with GT or haploidentical HSCT after immunization ( Figure 2C) .
The median count of circulating regulatory CD4 1 lymphocytes (defined as CD4 Figure 2D ).
Comparison of immune reconstitution between haplotransplanted patients with (n 5 4) or without clinical GVHd (n 5 9) showed a slower T-cell reconstitution in patients with GVHD with lower thymic output. 
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Development of the NK-cell compartment
Reconstitution of the NK-cell compartment did not occur in any of the patients in either group, with NK-cell counts well below the normalfor-age values. However, GT patients displayed higher NK-cell counts than haploidentical HSCT patients. This higher count was significant at 12 and 24 months (P 5 .01 and 0.009, respectively) after therapy ( Figure 1D ). This difference was no longer observed 5 years after treatment ( Figure 1D ). The NK cells phenotypical pattern was very homogeneous in each group. The CD3 -CD56 dim CD16 bright population was almost absent in GT and haplotransplanted patients, whereas it represents the dominant NK subpopulation in healthy subjects. Furthermore, expression of CD56 by NK cells was reduced in haplotransplanted patients compared with GT patients and healthy controls. Expression of NKp46 and NKG2D was also diminished in CD3
2 CD56 1 cells from haplotransplanted and GT patients compared with healthy controls (supplemental Figures 2 and 3) .
Evaluation of the B-cell compartment
As expected (given the absence of a conditioning regimen required for effective HSC engraftment), the B-cell function remained defective in all patients. was not statistically different between patients treated with GT and haploidentical HSCT ( Figure 4A ). Twenty-four months after transplantation, levels of IgM were higher in GT patients (median, 1.05 g/L; range, 0.35-4.3 g/L) than in haploidentical HSCT patients (median, 0.42; range, 0.06-1.89 g/L; P 5 .0151; Figure 4B ). There was no significant intergroup difference in IgA levels ( Figure 4C ). Comparison of IgG levels was not relevant, because most patients were still receiving intravenous immunoglobulin (IVIG) replacement therapy. However, among the patients evaluable for long-term B-cell reconstitution, IVIG replacement therapy was not withdrawn in any of the 10 haploidentical HSCT patients but was withdrawn in 4 of the 12 GT patients based on clinical evidence (all of whom had been treated with the LTRdriven g-retrovirus).
Discussion
We compared clinical and immunological outcomes in 14 SCID-X1 patients having undergone with retrovirus-mediated GT and 13 SCID- 1, 4, 16 This preponderance is due to the easier availability of haploidentical donors (relative to other unrelated sources) and the superimposable outcomes of HSCT with haploidentical or mismatched unrelated donor. 1, 4 GT has emerged as an attractive alternative to circumvent the risk of immune conflict in the setting of allogeneic transplantation.
Although the efficacy of gc gene transfer in autologous HSC of SCID-X1 patients has been previously reported, the rank of this procedure in the treatment hierarchy has yet to be defined. 5, 13 Our present study retrospectively compared outcomes in GT and haploidentical HSCT to establish whether GT is an appropriate alternative to haploidentical transplantation when the patient lacks a geno-identical sibling.
In these 2 populations of SCID-X1 patients with similar pretransplant profiles except for a slightly higher proportion of active infections in patients treated with GT (because of the inclusion's criteria requirement), we found that GT provides faster immune reconstitution in the first year after transplantation than haploidentical HSCT. The faster immune reconstitution associated with GT is accompanied by a faster resolution of some opportunistic infections, such as disseminated BCG infection, and a lower rate of infection-related hospitalization compared with haploidentical HSCT. r-ATG is administered in case of haploidentical HSCT mainly to prevent the occurence of GVHD. As r-ATG is associated with a delayed immunological recovery related to lymphocyte depletion, one could wonder if it could account for immune reconstitution kinetics differences between the 2 procedures. However, we recently developed a pharmacokineticpharmacodymamic model of active rATG to assess the association between r-ATG concentrations and immune reconstitution (Naim Bouazza, unpublished data, 2015) . According to this model, the administration of 2 consecutive doses of 2.5mg/kg of r-ATG ensures a maximum 6-day-long T-cell depletion. After this period, r-ATG remains at a For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From sublympholytic level. Thus, it seems unlikely that r-ATG at the dose administered to the patients has a major influence on T-cell reconstitution. In addition, data on the kinetics of T-cell development in SCID patients who received haploidentical HSCT in the absence of ATG therapy do not differ from those herein reported. [17] [18] [19] [20] Furthermore, 5-year thymic output appeared to be more consistent in GT patients than in haploidentical HSCT patients. This difference in thymic output could be explained by an allogeneic reaction against the thymic tissue in patients treated with mismatched donors whether they present with clinical signs of GVHD or not. 21 Furthermore, allogeneic transplantation is hampered by the risk of graft failure and immune dysfunction as well. In our series, 7 haploidentical HSCT patients presented immune complications that resulted in immunosuppressive therapy and further delayed immune reconstitution. Graft failure was observed in 3 haploidentical HSCT patients. One GT patient failed to reconstitute an adequate T-cell compartment because of trapping of the progenitor cells in the spleen. One major concern in GT is the genotoxicity observed in the early trials, because 4 patients in the first GT trial developed T-cell leukemia 2.5 to 5 years after the procedure. Occurrence of these adverse effects (related to vector integration) is likely to have been circumvented by recent advances in vector design. 11 It is noteworthy that to date, none of the patients treated with a SIN g-retrovirus have presented with genotoxicity. However, the long-term clinical application of these new vectors has yet to be characterized.
Even though GT appears to be superior to haploidentical HSCT in terms of T-cell reconstitution, reconstitution of both the B-cell and NK-cell compartments remained poor in both the GT and haploidentical HSCT groups. Although large studies have reported withdrawal of IVIG replacement therapy in two thirds of patients treated with haploidentical HSCT, all of our transplanted patients still require this therapy. 22 Four patients treated during the first GT trial were able to quit IVIG replacement therapy, suggesting either the persistence of undetectable, transduced B cells or sufficient activation of g-chain negative B cells by T-cell signals and g-chainindependent cytokines (with the notable exception of IL-21).
23-25
The absence of IVIG replacement withdrawal for patients treated in the second GT trial could also suggest that difference in strength of expression of the transgene by the 2 different vectors is an important factor in the correction of B-cell function. However, whether haploidentical HSCT or GT fails to permit the development of adequate B-cell function without donor B-cell chimerism needs to be further investigated. 22, 26 Thus, complete immune reconstitution appears to be unattainable in the absence of stem cell engraftment provided by myeloablative conditioning. 22, 27, 28 Acknowledgments 
